Abstract--The beta-receptor stimulating effect of isoprenaline on the spontaneous activities of the guinea-pig taenia colt was investigated in the presence of an alpha receptor blocking agent, phentolamine (2 10-6 M). Substitution of the external Na ion with Li, choline, tris-hydroxymethyl aminomethane or K ion greatly reduced the inhibitory effect of isoprenaline. A treatment with ouabain (4; 10-e M) also had effects similar to those of Na removal. The spontaneous activity was transiently suppressed when 5.9 mM K ion was re-admitted into K-free solution, and this suppressing effect was blocked by ouabain and also by reducing Na concentration to 5.9 mM. However, isoprenaline retained its effects in K-free solution containing normal Na concentration or 5.9 mM Na. The relaxation by isoprenaline in these solutions was hardly reduced by ouabain (4 10 _e M). These observations suggest that the beta-receptor stimulating effects of isoprenaline are partly mediated through an activation of the Na-pump and partly through some other mechanism which is inactivated when the preparation is deprived of Na or when the membrane is depolarized.
It has been speculated that adrenaline may stimulate an electrogenic Na-pump in the guinea-pig taenia coli, leading to hyperpolarization of the cell membrane and to inhibition of the spontaneous activity (1) . Since both the alpha-adrenoceptor and the beta adrenoceptor are involved in inhibitory actions of catecholamines in the taenia coli (2-4), these two actions should be differentiated. The inhibition due to an activation of the alpha adrenoceptor is a result of an increase in K and Cl conductances of the membrane (2, 5) .
However, the inhibitory mechanism through activation of the beta-adrenoceptor is not entirely clear.
There is one hypothesis that the effect of an activation of the beta-adrenoceptor by catecholamines is mediated by an increase of cyclic adenosine 3',5'-monophosphate (6, 7) .
Formation of cyclic AMP may lead to further metabolic changes. Thus, the Na-pump may be activated when intracellular cyclic AMP is increased by an activator of the beta adrenoceptor, such as isoprenaline. The aim of the present experiments was to test such a possibility and studies were based on actions of isoprenaline on the spontaneous activity of the guinea-pig taenia colt under the conditions which are known to block the Na-pump.
It has been reported that in the taenia colt, as in other tissues, removal of the external K ion suppresses the Na-pump and that re-admission of K activates the pump and inhibits the spontaneous activity (8--1 1). Therefore, the inhibitory action of K ion was also compared Present Address: Department of Anatomy, Faculty of Medicine, Tokyo University, Tokyo 113, Japan fl. WA TA.NA BE with that of isoprenaline.
MATERIALS AND METHODS
Guinea-pigs were stunned and bled and pieces of the taenia coli (about 25 nom in length)
were dissected. The muscle strip was suspended in an organ bath (3 ml capacity), and at tached to a strain gauge transducer under a passive tension of about 0.2 g. Mechanical responses were isometrically recorded and displayed on a potentiometric pen recorder .
Physiological saline (modified Krebs) solution had the following composition (mM):
NaCl 135.5, KHCO3 5.9, CaCI2 2.5, MgCI, 1.2 and glucose 11.5. A gas mixture of 3 CO., and 97% 02 was bubbled through the solution and the temperature of solution in the organ bath was kept constant at 37 C. Since Na-free solution contained 5.9 mM HCO3 as KHCO3, a concentration of HCO3 was maintained at 5.9 mM in all solutions. Li, choline or tris hydroxymethyl aminomethane (THAM) was used as a substitute for Na in Na-free or Na deficient solutions. When choline was used, 10-13 M atropine sulphate ( Tanabe Seiyaku) was always added to the solution to block a cholinergic effect. In the preliminary experi ments, it was found that removal of HCO3 reduced the potency of isoprenaline. Therefore, when K ion was removed, 5.9 mM K HCO3 was substituted with an equirnolar NaHCO3 and a concentration of Na was maintained at 5.9 mM throughout. A specific blocking agent of the alpha-action of catecholamines, phentolamine methanesulphate (Ciba) was added to all test solutions at a concentration of 2 x 10-1 M, except for the experiments in which the effect of isoprenaline was compared with that of adrenaline (Fig. 4 ).
Solutions were allowed to flow continuously through the organ bath at a constant rate of I ml/min. Since the capacity of organ bath was 3 ml, a change of test solution took more than 3 min at this flow rate. Isoprenaline hydrochloride (Nikken Kagaku) was slowly injected into a inlet vinyl tube, through which the solution entered into the organ bath, usually to give a final concentration of 10-s M (2.5 x 10_7 g/ ml) in the organ bath. Thus, this concentration was present only at the time shortly after injection and was thereafter progressively diluted. The double sucrose-gap method was used in some experiments for simultaneous record ing of electrical and mechanical responses. This method was the same as previously described (5) .
RESULTS

Effects of removal of the external Na ion
It is known that spontaneous mechanical activity usually appears rhythmically when the Krebs solution contains 15.5 in M HCO3 (12) . However, the activity was often continuous when the HCO3 concentration of the medium was reduced to 5.9 mM. When the external Na concentration was reduced, the active tension increased, particularly for first 10-20 min.
At a Na concentration of less than 5 niM, the small fluctuations in the tension usually disappeared after lt)-20 min (Fig. I ).
When the external Na concentration was reduced, the potency of isoprenaline in pro Superfusion of Na-free solution is indicated by horizontal bars. All solution contained phentolamine (2 x 10-6 M).
Note that the effect of isoprenaline was weak or blocked entirely in Na-free Solutions.
FIG. 2. Mechanical (top trace) and electrical (bottom trace) activities recorded with
the double sucrose-gap method. Constant current pulse of 2.5 sec in duration was applied every 10 sec to measure changes in the membrane resistance. Iso prenaline (10-" M) was applied for 35 sec (indicated by horizontal bars) in normal solution (a) and 10 min after in Na-free choline solution (h).
and blocked the spontaneous electrical and mechanical activities, as already reported (4).
When Na-free solution (choline substitution) was introduced, the membrane was depolar ized by about 10 mV, but was followed by a gradual repolarization. However, the mem brane potential never returned to a control level but remained about the 5 niV depolarized state.
In the Na-free solution, the spike activity continued, or re-appeared after transient disappearance, during the depolarized phase.
The effect of isoprenaline almost disap peared after about 10 min exposure to the Na-free solution (Fig. 2b) .
When K ion was substituted for Na ion, the effect of isoprenaline was reduced (Fig.   3a) , as in other Na-free solutions. However, in preparations depolarized by excess K, the magnitude of relaxation by isoprenaline was less dependent on concentrations of the external Na ion. When Li, choline or THAM was substituted for Na, isoprenaline relaxed the pre paration almost entirely when the medium contained 5.9-10 mM Na (see Fig. 8a ). On the other hand, the effect of isoprenaline in K-solution containing 10 mM Na was observed to be only slightly larger than when in a Na-free K-solution (Fig. 3b ).
Relaxation by isoprenaline was markedly suppressed in Na-free solution, while that by adrenaline was little affected (Fig. 4) . When the tissue was exposed to Na-free solution for more than 1 hr, the effect of adrenaline was also decreased. reduced, but that bN adrenaline was little affected in Na-free solution.
Effects of ouahai/l
When preparations were treated with ouabain (4 10-1> M), the tension increased transiently for about 20 min, then gradually decreased, and the activity finally ceased after 40-50 min (11, 13). The inhibitory action of isoprenaline was reduced by ouabain (Fig. 5a) .
After a preparation was completely relaxed by a prolonged treatment with ouabain, the is shown in Fig. 6 . Results similar to those obtained by the mechanical recording in the organ bath (Fig. 5) were obtained with the double sucrose-gap method; i.e., as shown in Fig. 6b and c, the effect of isoprenaline was reduced by a treatment with ouabain (4'' 10-6 M), which depolarized the membrane by about 5 mV and increased the spike activity.
Effects of removal of the external K ion
A removal of the external K ion is known to suppress the Na-pump in the smooth muscles (8-11). isoprenaline (10-6 M) produced a large relaxation in K-free solution, however, the speed of relaxation was slow, the tension was usually not reduced to zero, and a minor fluctuation in tension often remained during the relaxation (Fig. 7b) . When 5.9
mM K ion was re-admitted to the external medium, the muscle was completely relaxed (c),
as previously reported for the taenia coli (11) and for the carotid artery (14) . This relaxation by K ion was blocked by a treatment with ouabain (4 x 10-6 M) (d), although the effect of isoprenaline was not abolished by the ouabain treatment, it was nevertheless slightly reduced (e).
Effects of a combination of Na-deficient, K free acrd ouabain When Na ion of more than 5.9 mM was present, isoprenaline produced a good relax ation, although the magnitude was less than in the presence of the normal concentration of Na ion. This relaxation was seen to a greater extent when Na was substituted with THAM than when Na was substituted with choline. The effect of isoprenaline in Na-deficient solution was more or less the same in both the presence (Fig. 8a) and absence of the external K ions (Fig. 8b) . However, the relaxaing action of re-admission of 5.9 mM K after a pretreatment 9 mM Na (THAM substitution) (a) , 0 mM K, 5.9 mM Na (b) and 0 mM K, 5.9 mM Na containing ouabain (4 x, l0_1 M) (d). In (c), K ion (5.9 mM) was added to K-free 5.9 mM Na solution. Note that re-admission of K did not produce relaxation, while a significant relaxation was seen with isoprenaline.
with K-free solution was completely suppressed or reversed to an excitatory action in Na deficient (5.9 mM Na) solution (Fig. 8c) . When the solution contained more than 10 mM Na, or when K ion was applied after a short exposure (within 10 min) to 5.9 mM Na solution, relaxation was produced by re-admission of the external K ion. On the other hand, the inhibitory effect of isoprenaline was not blocked even in K-free, Na-deficient solution con taining ouabain (Fig. 8d) , as it was in K-free solution containing a normal concentration of Na ion and ouabain (Fig. 7e ).
DISCUSSION
The beta-stimulating effect of isoprenaline was found to be suppressed by a removal of the external Na ion and by a treatment with ouabain. In the organ bath experiments, the relaxing effect of isoprenaline gradually disappears with exposure to Na-free Solution. It may be that the effect of isoprenaline is weakened as the intracellular Na concentration is lowered.
Since the activity of Na-pump is suppressed by lowering intracellular Na con centration and by treatment with ouabain (15, 16) , the Na-pump may be involved in the inhibitory mechanism of isoprenaline in the guinea-pig taenia coll. This possibility has also been suggested for the action of isoprenaline on the rabbit pulmonary artery (17) . The relaxation due to stimulation of the alpha-adrenergic receptor is less dependent on the presence of Na ion, because adrenaline, which has a stronger stimulant action of the alpha receptor than isoprenaline, can produce relaxation even after disappearance of the effect of isoprenaline in Na free solution.
In contrast, in the rat uterine smooth muscle, participation of the Na-pump has been rejected because adrenaline and other adrenergic beta-receptor stimulants still cause hyper polarization and suppress action potentials after complete replacement of Na with Li, II. f ,4 T_•l A ABE THAM or sucrose (18) . Isoprenaline is also effective on the mouse myometrium even after 1 -2 hours exposure to Na-free solution (19) . Another difference between the guinea-pig taenia coli and the rat uterine muscle in the response to isoprenaline is found in K-rich medium. In the taenia coli, the contracture produced by isotonic K solution is little depressed by catecholamines, as observed by Axelsson et al. (20) and by Inatomi et al (21) , while in the rat myometrium, isoprenaline can cause marked relaxation in the depolarized condition through activation of the beta-adrenoceptor (2, 22) . Based on observations on the de polarized rat myolnetrium, the latter author has proposed a hypothesis that isoprenaline activates a Ca-accummulating mechanism similar to that in the sarcoplasmic reticulum in the striated muscle and lowers the concentration of myoplasmic free Ca ion. Another possibility has also been suggested that in the myometrium, isoprenaline activates a Ca pump which extrudes Ca from the cell (23, 24) .
Removal of the external K ion depolarizes the membrane increasing the spontaneous activity while re-admission of K ion hyperpolarizes the membrane suppressing the activity, and these changes are blocked by ouabain. These effects appear to be the result of the fact that the electrogenic Na-pump is suppressed by removal of K and activated by re-admission of K (8-11). The disappearance of the inhibitory effect of K-re-admission in Na-deficient solution also supports the thesis of involvement of the Na-pump. On the other hand, the effect of isoprenaline is only slightly reduced in K-free solution containing 5.9 mM Na and 4 1() M ouabain. Relaxation by isoprenaline in K-free medium has also been reported for the rat myometrium (25) and for the cat carotid artery (14) . It is likely that under the condition in which the Na-pump is suppressed, some other mechanism, which reduces the intracellular free Ca concentration, is operating in the inhibitory mechanisim of isoprenaline .
Although this mechanism may also be involved under normal conditions, it seems that in the guinea-pig taenia coli, this process is inactivated when the preparation is deprived of Na or when the membrane is depolarized. It has been reported that isoprenaline increases intracellular concentration of cyclic AMP and that this effect and relaxation by isoprenaline are blocked when the external Na is completely replaced by K ion (21) . Therefore, cyclic AMP may be involved in the mechanism reducing the intracellular free Ca concentration. 
